Abstract -This paper presents a study of the Switched Reluctance Generator dynamics when connected to a singlephase AC power grid. A mathematical model that includes magnetic saturation is used to represent the reluctance generator, which is driven by an asymmetric half bridge converter. Output generated voltage is smoothed with a shunt capacitor leading to a DC link voltage. This voltage is regulated using a PI compensator that governs the magnetizing angle of the generator phases.
I. INTRODUCTION
The use of Switched Reluctance Generators (SRG) have been increasingly investigated as a potential electromechanical converter, due to its advantages of rugged construction, easy of cooling, ability to work with faulting phases, easy of control and inherent adaptability to wide speed operation. Applications are reported in aerospace industry [1] , hybrid vehicles and wind energy conversion systems [2] . In this case researches have focused on the use of SRG in the range of low and medium speeds. The control aim in these applications is to optimize the system to produce maximum output power [3] [4] .
The use of distributed sources like wind and solar energy can bring significant benefits to the operation of an electric network as the generation plants can be placed at strategic points in the system, reducing the need of long transmission lines, therefore increasing the availability and reliability of power. Power electronic converters are always required to interface these sources of electrical energy with the AC power grid. In the same way, switched reluctance machines, either motors or generators require an electronic power converter for their operation. In the present investigation, the power converter used to operate the generator is a standard asymmetric half bridge converter (AHBC), while the power converter used to interface the DC voltage at the generator's terminals with the AC grid is a PWM converter.
The multilevel converters have found good acceptance in interfacing high power wind energy conversion with the power grid as they present good efficiency [5] , lower switching losses and reduced electromagnetic interference as compared to conventional structures. However, for SRG application that runs low or medium power wind generation systems the multilevel converters are not adequate due to the need of complex control circuitry and difficulties of implementation. There is a need for a low cost and easiness to implement converter able to inject sinusoidal waveforms with low harmonic content in the grid. This is why the paper proposes the use of PWM sinusoidal converter to interface the SRG with the AC grid [6] .
The whole strategy for generation and delivering power to the grid comprises the control of the generated DC link voltage and the injection of active power in the grid. Regulated DC link voltage is obtained by controlling the magnetization angle of the generator phases as will be explained later. The injection of active power in the grid is realized by controlling the output current in a PWM converter. The synchronism with the AC grid is achieved using a phase-locked loop algorithm (PLL). Modeling of the whole system is presented and discussed. Simulation results are included to illustrate the findings.
A schematic view of the whole proposed system including details of control is given in Fig. 1 
II. SRG's NON LINEAR MODEL
In order to simulate the whole system, the models of the subsystems are used. Switched reluctance machines operate with cyclic and high variations in the phases flux linkages that lead to non linear relationship between phase flux linkage and current due to core saturation. The mathematical model needs to consider this characteristic. The way it is done is shown in the following. As usual for reluctance machines, the magnetic coupling between phases is taken as negligible and therefore not considered
The equation of a phase SRG is described as
Writing an expanded form, the equation of the phase is given by e dt
978-1-4673-4974-1/13/$31.00 ©2013 IEEE
Where v is the applied voltage, i is the phase current, R is the phase resistance,
is the incremental phase inductance, θ is the rotor position.
Saturation effects are included in the model through the relation between the phase flux linkage and the corresponding phase current. Due to stator and rotor saliencies this relation is also dependant on the rotor position. It is called incremental inductance and analytically expressed using a Fourier Series approximation [7] . The equation of the incremental inductance profile for different values of currents and the rotor position is developed with an approximation using straight line segments according to Fig.  2 and is given by
where: m is the number of straight line segments, n is the harmonic order, P r is the number of rotor poles, G = 2π/P r is the rotor pole pitch, θ is the rotor position, l j is the inductance for the j' th segment, α j is the position associated with this inductance
A polynomial fitting is used to represent the function l j (i,α j ) for a given machine and determined as
The mechanical torque produced by the machine is calculated as
is co-energy. This in turn is given by,
Taking into account the frictional losses viscous coefficient D, and moment of inertia J, the torque is calculated as 
The solution of the system allows complete analysis of SRG [8] [9] [10] .
III. DC LINK VOLTAGE CONTROL
To maintain constant the DC link voltage, the magnetization level of each of the SRG's phases is controlled. It is achieved by acting on the turn on and turn off angles. In this investigation the strategy is such θ on is kept constant (here fixed at -3º) and the value of θ off is governed through a PI compensator. The simulated machine and the prototype used are 6/4 which leads to an ideal conduction interval of 30 o for each phase. An asymmetric half bridge converter as shown in Fig. 3 is used. An external AC voltage source in series with rectifier excites the generator. The PI controller governs the turn off angle of the converter top switch, while the bottom switch conducts through 30 o . In the interval between the turning off of the top and bottom switches, occurs a period where the converter does not deliver power to the load, while the electromechanical conversion continues. This increases the energy stored in the phase and was observed to be a way of improving the electromechanical conversion process as compared to the situation where the two switches are turned off at the same time [8] . We call it a "flux boosting" period, and it is different from a standard freewheeling stage in that there is the input of energy from the mechanical source. Following this period of free generation, with the opening of the bottom switch, the energy stored in the phase is transmitted to the load. This comprises the demagnetization period. So a phase cycle includes three stages: excitation, flux boosting and demagnetization. Switches states can be seen in Fig.4 . The control strategy of the DC link is shown in Fig.5 . 
IV. DC-AC CONVERTER
The interfacing between the SRG and the AC grid is done through a current controlled PWM inverter as shown in Fig.  1 . The output current i L is synthesized by the current controller, which compensates the error signal between the current i L in the coupling inductor L f and the reference current i refa . The reference current is generated by multiplying i* (which represents the peak current to be injected) to the synchronized sinusoidal signal coming from the PLL. In the DC link, the voltage of the capacitor is kept V link regulated by control strategy presented in Section III. As the i L current goes in phase with the grid voltage, only active power is delivered. The equations for the converter two stages of operation, given in state space are
A. DC-AC Converter Modeling
The mean of the state variables using the duty cycle D are written as ) 1 (
) 1 ( (11), (14) and (15) Where, x is the matrix that represents the equilibrium values of the state variables.
To obtain the small signal models disturbance variable are inserted in the operating point.
Substituting the small signal model in the average state equation, it comes
Inserting expressions (19) and (20) into (21) 
B. Controller output current of DC-AC Converter
The modeling process controller output current of the inverter is based on the schematic of Fig.7 . The reference output current i refa , is obtained by multiplying the unity sinusoidal signal coming from the PLL unit and a constant value that represents the desired sinusoidal peak current. The peak value of the reference current determines how much active power is injected into the grid. Table 1 was possible to design a compensator that guarantees good stability to the converter.
TABLE 1
Converter Parameters Connected to Power Grid Parameters Values
HiL

1/30
Lf 7mH
The Bode plot of the compensated system is shown in Fig.8 . The crossover frequency is chosen to be 1.0 kHz which represents 1/10 of the switching frequency [12] . In this case, the phase margin of the system is 50.1 º. 
C. PLL schematic (Phase Locked Loop)
The synchronization with the grid is done with a digital PLL phase shown in Fig 9. The PLL scheme used is a simplified version of the one found in [13] . 
V. RESULTS
The whole system shown in Fig.1 was simulated together, i.e. the SRG provides a regulated voltage at the DC link and the current PWM inverter injects the synthesized current in the grid through the current controller action. In this case, the controlled SRG generated voltage and the output current of the inverter work uncoupled.
The simulation tests were conducted with the following criteria: reference voltage controller 310 V and rotor speed fixed at 1500 rpm in SRG. The peak reference current starts with 10 A and after 2 seconds steps to 20 A. The whole system was simulated for 4 seconds.
The Fig.10 shows the behavior of the DC link voltage during the transient charging. It is observed that the reference value (310V) was properly maintained. This test demonstrated that the voltage controller is able to maintain the voltage generated around the reference value even during transient load. For the same situation, Fig.10 shows the current in one phase of the generator. A zoom of the SRG phase current and the corresponding trigger signals to the asymmetric bridge converter switches are shown in Fig.11 . Regarding power, measurements were made at the entrance of the DC-AC converter, i.e., the DC link and at the inverter output where connection to the grid happens. Fig.12 shows the behavior of active power injected into the grid and the input power of the converter. For a peak reference output current of the DC-AC converter 10 A in the power delivered to the grid is approximately 900 W. At time of two seconds when the reference changes to 20 A power is 1800 W.
The shape of the current injected into the AC grid and mains voltage waveform are shown in Fig.13 . An investigation of the feasibility of generating electrical energy using a SRG generator and the corresponding connectivity to the AC mains is carried out. The strategy of control devises independent control of the generated voltage and the current delivered to the AC grid. Conventional control techniques are employed and low complexity control schemes are used. Modeling of the subsystems is presented with main focus on the DC-AC converter which is mathematically represented by a transfer function obtained through average state space equationing. Interface of electromechanical conversion and AC grid is realized with active power injection. Simulation results comprising the whole system are presented. These results indicate the viability of the proposed system.
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